Background
==========

Unconjugated hyperbilirubinemia and related clinical jaundice are frequent in newborns, which can be identified in almost all preterm and approximately 60% of full-term infants \[[@b1-medscimonit-26-e926441]\]. Newborns hyperbilirubinemia may protect neonates against external stimuli up to the concentration of 340 μmmol/L. However, as one of the end-products of heme catabolism, excessive bilirubin shows cytotoxic properties in the central nervous system. Clinical syndromes such as bilirubin encephalopathy (CBE) and bilirubin-induced neurologic dysfunction (BIND) are often irreversible and severe, resulting in movement disorder, auditory impairment, and ocular movement impairments \[[@b2-medscimonit-26-e926441]\]. Neurons located in multiple areas such as the hippocampus, basal ganglia, and diencephalon were reported to be compromised due to excessive bilirubin \[[@b3-medscimonit-26-e926441]\].

Molecular mechanisms underlying bilirubin-induced neurocytotoxicity are very complicated. Previous studies proposed many possible mechanisms, including oxidative stress, calcium overload, cell cycle kinetics perturbation, neuron apoptosis, and inflammation \[[@b4-medscimonit-26-e926441]\]. p38 MAPK is an important member of the mitogen-activated protein kinases (MAPKs), which govern several vital cellular functions \[[@b5-medscimonit-26-e926441]\]. The activation of p38 MAPK signaling depends on its upstream kinase MKK3 and MKK6 \[[@b6-medscimonit-26-e926441]\]. It is now accepted that under several pathological conditions, the p38 MAPK signaling pathway is abnormally activated. It was reported that the activation of p38 MAPK signaling resulted in neuron apoptosis and inflammation through activating the NF-κB pathway \[[@b7-medscimonit-26-e926441]\]. Thus, it is reasonable to speculate on the possible role of p38 MAPK in BIND.

Baicalin (BAI), also referred to as 5,6,7-trihydroxyflavone-7-β-D-glucuronide, is one of the biologically active agents extracted from the medical herb *Scutellaria baicalensis Georgi*. BAI shows a wide spectrum of biological activities, including anti-oxidant, anti-cancer, and anti-fibrosis activities \[[@b8-medscimonit-26-e926441]\]. Several recent investigations indicated its neuroprotective effects in experimental ischemia/reperfusion and traumatic animal models \[[@b9-medscimonit-26-e926441]\]. Moreover, BAI showed both anti-apoptotic and anti-inflammatory effects on neurons \[[@b10-medscimonit-26-e926441],[@b11-medscimonit-26-e926441]\]. Thus, it is reasonable to speculate on the possible protective effects of BAI on bilirubin-induced neurocytotoxicity. In the present study, BAI was used to treat bilirubin-incubated primary neonatal hippocampal neurons, and the protective effects against apoptosis and inflammation were studied. Moreover, the involvement of p38 MAPK signaling was also investigated as the underlying molecular mechanism. We believe our results add more to the current understanding of BIND. The present study also provides more evidence supporting the application of BAI in treatment of BIND.

Material and Methods
====================

Neuron isolation and culture
----------------------------

Hippocampal neurons were isolated from SD rats \<12 h after birth) provided by the Experimental Animal Center of Zhejiang University. The protocols carried out in this study were reviewed and approved by Institutional Animal Care and Use Committee of Zhejiang University. The neurons were isolated and cultured according to previous studies \[[@b12-medscimonit-26-e926441]\]. Briefly, harvested hippocampi were dissected and then digested by trypsin-ethylene diamine teracetic acid (0.25%, EDTA) for 30 min at 37°C. Then, the resulting cells were suspended in DMEM supplemented with horse serum (10%), fetal bovine serum (10% FBS), antibiotic mix (Santa Cruz), and L-glutamine (1%). After 1-day culturing, medium was replaced by DMEM supplemented with 10% horse serum, antibiotic mix, 1% L-glutamine, 2% B27, and 1% N2. Cytarabine (3 μg/mL, Sigma-Aldrich) was added to prevent the proliferation of glial cells. Cells were then cultured in plates at a density of 2×10^6^/plate and maintained in a humidified cell incubator providing 5%CO~2~/95% fresh air at 37°C. To prevent non-neuronal cell proliferation, β-D-arabinofuranoside (2.5 μmol/L, Santa Cruz) was added to the medium on day 2.

Cell treatments
---------------

Cultured neurons at 80% confluence were treated with free bilirubin (Bf, Sigma-Aldrich, Cat\#B4126) at concentrations of 70, 140, and 280 nmol/L (dissolved in DMSO) for 24 h. Several neurons treated with Bf at a concentration of 280 nmol/L were pre-treated with baicalin at concentrations of 0.5, 1.0, and 2.0 μmol/L for 48 h. The concentrations of baicalin were selected according to our pilot study and previous investigations \[[@b13-medscimonit-26-e926441]\]. The Bf concentration selection and determination were in accordance with a previous study \[[@b14-medscimonit-26-e926441]\].

Cell viability assay
--------------------

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to determine the viabilities of neurons. MTT (5 mg/mL, Sigma-Aldrich) were added to the culture plates to incubate the cells for 4 h. The formed crystals were dissolved by DMSO. Optical density at 570 nm (A~570~) was measured by a plate reader. Cell viabilities were then calculated by comparing A~570~ of treated cells *vs.* A~570~ of control cells.

Apoptosis assessment
--------------------

The apoptosis of the neurons was evaluated by terminal deoxynucleotidyl transferase-dUTP nick-end labeling (TUNEL) assay. After washing with PBS, harvested neurons were fixed with paraformaldehyde (4%) at 37°C for 20 min. Then, a TUNEL assay kit (Roche, Cat\#11684795910) was used to detect the apoptotic neurons, which were then observed under an inverted fluorescence microscope. The TUNEL assay protocol was performed in accordance with the manufacturer's recommendations.

Immunofluorescent stain
-----------------------

Immunofluorescent stain was used to assess the nuclear translocation of p65. After fixation, harvested neurons were incubated with primary antibody against p65 (CST) for 10 h at 4°C. Then, the cells were incubated with secondary antibody conjugated with Alexa 488 (Invitrogen). DAPI (Invitrogen) was also used to stain the nucleus. A SlowFade kit (ThermoFisher) was used to alleviate fluorescence quenching. Cells were observed under an inverted fluorescence microscope. DAPI was excited at 358 nm and observed at 661 nm, and Alexa 488 was excited at 488 nm and observed at 519 nm. Images were captured, analyzed, and merged using Zeiss Physiology software (version 3.2). Calculated mean fluorescent intensities (MFI) represented the expression levels of targeted proteins.

ELISA
-----

Cell culture supernatants were collected after centrifugation and stored at −80°C. Concentrations of TNFα in cell culture supernatants were detected using a TNFα ELISA kit (R&D). The protocols were carried out according to the instructions provided by the manufacturer.

Western blotting
----------------

Harvested neurons were lysed and prepared with the RIPA buffering system (Santa Cruz). The protein was extracted with N-PER™ Neuronal Protein Extraction Reagent (ThermoFisher) according to the instruction provided by the manufacturer. BCA method was used to determine the protein concentrations. Protein samples were then separated by SDS-PAGE and then transferred to PVDF or NC membranes electronically. After blocking, the membranes were then incubated with specific antibodies of phospho-MKK3 (1: 2000, Abcam), MKK3 (1: 2000, Abcam), phospho-MKK6 (1: 2000, Abcam), MKK6 (1: 2000, Abcam), phospho-p38 MAPK (1: 3000, Cell Signaling Tech), p38 MAPK (1: 3000, Cell Signaling Tech), cleaved caspase3 (1: 4000, Abcam), TNFα (1: 2000, Abcam), and GAPDH (1: 6000, Abcam) at 4°C for 8 h. GAPDH was introduced as the internal reference. After washing in TBST (0.02%), membranes were incubated with secondary antibodies conjugated to HRP at 25°C for 20 min. After developing with ECL Plus Western Blotting Substrate (ThermoFisher), the immunoblots were visualized on X-ray films.

Statistics
----------

Data acquired are presented as (mean±standard deviation) and were processed by SPSS software (version 17.0). One-way analysis of variance and the *t* test were used to compare the differences between groups. The compared differences were statistically significant at P\<0.05.

Results
=======

Bf incubation reduced neuron viability by inducing apoptosis
------------------------------------------------------------

The results are demonstrated in [Figure 1](#f1-medscimonit-26-e926441){ref-type="fig"}. After incubation with Bf at 70, 140, and 280 nmol/L for 24 h, the viabilities of neurons decreased significantly in a Bf concentration-dependent manner (P\<0.05). TUNEL assay results also showed apoptosis of neurons in a concentration-dependent manner (P\<0.05).

Bf incubation increased activation of MKKs/p38 MAPK signaling in neurons
------------------------------------------------------------------------

As demonstrated in [Figure 2](#f2-medscimonit-26-e926441){ref-type="fig"}, Bf incubation significantly increased the phosphorylation levels of MKK3, MKK6, and p38 MAPK in neurons in a concentration-dependent manner (P\<0.05).

Bf incubation increased nuclear translocation of p65 and expression of its targeted genes
-----------------------------------------------------------------------------------------

As shown in [Figure 3](#f3-medscimonit-26-e926441){ref-type="fig"}, after Bf incubation, the nuclear translocation levels of p65 were increased significantly in a concentration-dependent manner (P\<0.05). Moreover, as the targeted genes of p65, expression levels of cleaved caspase3 and TNFα were also increased significantly in Bf-incubated neurons (P\<0.05). The concentrations of TNFα in cell culture medium were also dramatically elevated in a Bf concentration-dependent manner (P\<0.05).

BAI treatment increased neuron viability by decreasing Bf- induced apoptosis
----------------------------------------------------------------------------

BAI at concentrations of 0.5, 1.0, and 2.0 μmol/L were used to treat the Bf (280 nmol/L)-incubated neurons. As shown in [Figure 4](#f4-medscimonit-26-e926441){ref-type="fig"}, BAI treatment significantly increased cell viabilities and decreased apoptosis of Bf-incubated neurons in a concentration-dependent manner (P\<0.05).

BAI decreased Bf-mediated activation of p38 MAPK pathway induced apoptotic and inflammatory signaling in neurons
----------------------------------------------------------------------------------------------------------------

[Figure 5](#f5-medscimonit-26-e926441){ref-type="fig"} shows that BAI treatment blocked the phosphorylation of MKK3, MKK6, and p38 MAPK in Bf-incubated neurons. As a result, the nuclear translocation and expressions of cleaved caspase3 and TNFα were suppressed by BAI treatment (P\<0.05). Moreover, the concentrations of TNFα in cell culture medium were also reduced by BAI treatment (P\<0.05).

Discussion
==========

Knowledge of the mechanisms of neurotoxicity of bilirubin has been limited, as has treatment. Agents extracted from medical herbs such as BAI attracted researchers' attention in recent decades due to their effectiveness and safety. BAI could be considered as one of the potential supplementary therapies of standard treatment of hyperbilirubinemia such as phototherapy. In the present study, we investigated the protective effect and related possible mechanisms of BAI on Bf-induced neurotoxicity.

The molecular mechanisms of bilirubin-induced neurotoxicity are complicated. Multiple cellular events, signaling transduction, and pathway network are thought to play roles. Among them, apoptosis and neuroinflammation are generally accepted as the consequences of hyperbilirubinemia \[[@b15-medscimonit-26-e926441],[@b16-medscimonit-26-e926441]\]. Apoptosis is an important mechanism of neurotoxicity \[[@b17-medscimonit-26-e926441]\]. Apoptotic events occur after activation of caspase cascade. In this study, we found that Bf incubation dramatically induced neuron apoptosis, which resulted in significant reduction of cell viabilities. Neuroinflammation is identified as one of the risk factors for CNS injury in preterm neonates \[[@b18-medscimonit-26-e926441]\]. Upregulated expressions of pro-inflammatory cytokines such as TNFs and ILs were found *in vivo* \[[@b19-medscimonit-26-e926441]\]. Results from the present study showed that the levels of the identical pro-inflammatory cytokine TNFα increased significantly in Bf-incubated neurons and culture medium. This result indicates that Bf is a potent initiator of neuroinflammation.

It is believed that NF-κB is a nuclear factor related to multiple biological events, including both apoptosis and inflammation \[[@b20-medscimonit-26-e926441]\]. When encountering harmful stimuli, the upstream kinases of p38 MAPK, namely MKK3/6, are activated. As a result, p38 MAPK is activated by phosphorylation. Then, the activation of NF-κB is initiated. As a member of the NF-κB family, upon activation of NF-κB signaling, p65 translocates into the nucleus and triggers transcriptions of its targeted genes, including pro-apoptotic and pro-inflammatory genes \[[@b21-medscimonit-26-e926441]\]. In this study, we investigated the activation of p38 MAPK signaling in Bf-incubated neurons. We found that Bf incubation increased phosphorylations of MKK3/6 and p38 MAPK, as well as the nuclear translocation of NF-κB. These results indicated Bf incubation promotes the activation of p38 MAPK, resulting in increased neuron apoptosis and inflammation.

Previous investigations have confirmed the neuroprotective effects of BAI in several cerebral injury models \[[@b22-medscimonit-26-e926441]\]. A pharmacokinetics study revealed that BAI can be quickly absorbed and stably exists in the circulation for over 12 h \[[@b23-medscimonit-26-e926441]\]. It has been demonstrated that BAI is distributed in many vital organs, including the liver, kidneys, heart, and brain \[[@b24-medscimonit-26-e926441]\]. Baicalin was proved to transport through the blood-brain barrier and restore permeability under certain pathological conditions \[[@b25-medscimonit-26-e926441],[@b26-medscimonit-26-e926441]\]. However, there are few reports concerning the protective effects of BAI on bilirubin-related neurotoxicity. In this study, BAI at serially diluted concentrations was used to treat Bf-incubated neonatal neurons. We also investigated the involvement of p38 MAPK signaling. Our results indicated that MKK3/6 are the possible molecular targets of BAI because BAI suppressed the phosphorylation of MKK3/6. The activation of p38 MAPK and subsequent NF-κB nuclear translocation were inhibited. As a result, BAI shows potent anti-apoptotic and anti-inflammatory effects.

Conclusions
===========

Bilirubin showed neurotoxicity by inducing neuron apoptosis and inflammation via activating the MKKs/p38 MAPK/NF-κB signaling pathway. BAI was proved to inhibit neuron apoptosis and inflammation via inhibiting this pathway. We believe our results add to the current understanding of bilirubin-induced neurotoxicity and provide more evidence supporting the application of BAI in treatment of pathological hyperbilirubinemia in newborns.

Limitations
-----------

There are several limitations of this study. Firstly, only an *in vitro* investigation was implemented, which might restrict the generalization of the conclusions. It would be better if a hyperbilirubinemia animal model had been used. The effective BAI concentration in cerebral spinal fluid (CSF) or brain tissue could also be investigated by using this model. Secondly, phototherapy is now the first-line treatment of hyperbilirubinemia. Comparisons between BAI, phototherapy, and combination therapy could be very interesting. Thirdly, it is accepted that the bilirubin toxicity and the neuro-protective effects of BAI are correlated with oxidative stress. Further investigation of oxidative stress, such as intracellular ROS production, would improve the study of molecular mechanisms.
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![(**A**) Viabilities of cultured neurons were determined by MTT. The line chart demonstrates the cell viabilities of neurons incubated with Bf at concentrations of 0, 70, 140, and 280 nmol/L. (**B**) TUNEL assay was used to evaluate apoptosis. The TUNEL-positive neurons were tagged with green fluorescence and are demonstrated in the captured fluorescent images. Columns indicate the apoptotic rate of neurons incubated with Bf at concentrations of 0, 70, 140, and 280 nmol/L. \[n=10; ^a^ difference was significant when compared with neurons incubated with control; ^b^ difference was significant when compared with neurons incubated with Bf at 70 nmol/L; ^c^ difference was significant when compared with neurons incubated with Bf at 140 nmol/L\].](medscimonit-26-e926441-g001){#f1-medscimonit-26-e926441}

![(**A**) Western blotting was used to evaluate the relative phosphorylation levels of proteins. The immunoblots of p-MKK3, MKK3, p-MKK6, MKK6, p-p38, and p38 of neurons incubated with Bf at concentrations of 0, 70, 140 and 280 nmol/L. (**B**) Columns on the right side indicate the relative phosphorylation levels of MKK3, MKK6, and p38. \[n=10; ^a^ difference was significant when compared with neurons incubated with control; ^b^ difference was significant when compared with neurons incubated with Bf at 70 nmol/L; ^c^ difference was significant when compared with neurons incubated with Bf at 140 nmol/L\].](medscimonit-26-e926441-g002){#f2-medscimonit-26-e926441}

![(**A**) Immunofluorescent staining was used to evaluate the nuclear translocation of p65. p65 was tagged with green fluorescence (Alexa488) and nuclei were tagged with blue fluorescence (DAPI). Columns indicate the relative nuclear translocation rate of p65 in neurons incubated with Bf at concentrations of 0, 70, 140, and 280 nmol/L. (**B**) Western blotting was used to determine the relative expression levels of proteins. Immunoblots of cleaved caspase3 (c-caspase3), TNF-α, and GAPDH (internal reference) of neurons. Columns indicate the relative expression levels of c-caspase3 and TNF-α in neurons incubated with Bf at concentrations of 0, 70, 140, and 280 nmol/L. (**C**) ELISA was used to detect concentration of cytokines. Columns indicate the concentrations of TNF-α in cell medium of neurons incubated with Bf at concentrations of 0, 70, 140, and 280 nmol/L. \[n=10; ^a^ difference was significant when compared with neurons incubated with control; ^b^ difference was significant when compared with neurons incubated with Bf at 70 nmol/L; ^c^ difference was significant when compared with neurons incubated with Bf at 140 nmol/L\].](medscimonit-26-e926441-g003){#f3-medscimonit-26-e926441}

![(**A**) Line chart indicates the cell viabilities of Bf-incubated neurons treated with BAI at concentrations of 0, 0.5, 1.0, and 2.0 μmol/L. (**B**) Captured images of TUNEL assay. \[n=10; ^a^ difference was significant when compared with neurons incubated with Bf at 280 nmol/L and BAI at 0 μmol/L; ^b^ difference was significant when compared with neurons incubated with Bf at 280 nmol/L and BAI at 0.5 μmol/L; ^c^ difference was significant when compared with neurons incubated with Bf at 280 nmol/L and BAI at 1.0 μmol/L\].](medscimonit-26-e926441-g004){#f4-medscimonit-26-e926441}

![(**A**) p65 was tagged with green fluorescence (Alexa488) and nuclei were tagged with blue fluorescence (DAPI). Columns indicated the nuclear translocation rate of p65 in Bf-incubated neurons treated with BAI at concentrations of 0, 0.5, 1.0, and 2.0 μmol/L. (**B**) The immunoblots of p-MKK3, MKK3, p-MKK6, MKK6, p-p38, and p38 of neurons were demonstrated. Columns indicate the relative phosphorylation levels of MKK3, MKK6, and p38. (**C**) Immunoblots of c-caspase3, TNF-α, and GAPDH of neurons. Columns indicate the relative expression levels of c-caspase3 and TNF-α in neurons. (**D**) Columns indicate the concentrations of TNF-α in cell medium of neurons. \[n=10; ^a^ difference was significant when compared with neurons incubated with Bf at 280 nmol/L and BAI at 0 μmol/L; ^b^ difference was significant when compared with neurons incubated with Bf at 280 nmol/L and BAI at 0.5 μmol/L; ^c^ difference was significant when compared with neurons incubated with Bf at 280 nmol/L and BAI at 1.0 μmol/L\].](medscimonit-26-e926441-g005){#f5-medscimonit-26-e926441}
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